An experimental study was conducted to explore the benefits of using flexible membrane airfoils/wings at low Reynolds numbers for MAV applications. In addition to measuring aerodynamic forces acting on the flexible membrane airfoils/wings, a high-resolution Particle Image Velocimetry (PIV) system was used to conduct flow field measurements to quantify the transient behavior of vortex and turbulent flow structures around the flexible membrane airfoils/wings at different angles of attack. The force measurement results revealed that flexible membrane airfoils can provide better aerodynamic performance compared with their rigid counterpart at low Reynolds numbers. The flexibility (or rigidity) of the membrane skins was found to affect the aerodynamic performance of the membrane airfoils significantly. The PIV measurements elucidated that flexible membrane airfoils changed their camber (i.e., cross sectional shape) automatically to adapt incoming flows to balance the pressure differences applied on the upper and lower surfaces of the airfoils at different angles of attack, thereby suppressing flow separation on the membrane airfoils. The deformation of the flexible membrane airfoils also reduced the effective angle of attack of the airfoils to delay airfoil stall.
necessary and important to establish novel airfoil shape and wing planform design paradigms for MAVs in order to achieve acceptable aerodynamic performance as well as their flight agility and versatility.
Thin and flexible membrane wings are unique to flying and gliding mammals, such as bats, flying squirrels and sugar gliders. These animals exhibit extraordinary flight capabilities with respect to maneuvering and agility that are not observed in other species of comparable size. Birds, which have been studied extensively, have relatively rigid wings with limited motion, while insects, which fly at much lower Reynolds numbers, are typically characterized by rigid wings moving with a relatively simply articulated flapping motion. As shown in Fig. 1 , bats, on the other hand, have an extremely high degree of articulation in the wing (the elbow, wrist and finger joints). More relevant to the present study is the fact that the wing surface in bats is composed of a thin flexible membrane [5] [6] . This observation suggests that a potentially useful feature for engineered maneuverable MAVs might be the incorporation of flexible membranes as lifting surfaces [7] [8] . With this in mind, we conducted the present study to try to leverage the unique feature of flexible membrane airfoils/wings found in bats and other flying/gliding mammals to explore the potential applications of such non-traditional, bio-inspired flexible membrane airfoils/wings to MAV designs for improved aerodynamic performance.
It should be noted that the MAV team of the University of Florida (UF), who has achieved great successes in international MAV competitions for the past several years, is the first team to adopt flexible membrane airfoil/wing design to build UF flexiblewing-based MAVs. The flexible-wing-based MAVs developed by the UF MAV research group [9] [10] [11] [12] [13] consists of a leading edge spar and chordwise battens which are made of unidirectional carbon fiber. Membrane material is bonded to the spar and battens to be the skin of the airfoils/wings. In a turbulent atmosphere that is typical for low Reynolds number flight, the flexible-membranewing-based structures were found to be able to absorb the inconsistencies in the air currents, thereby, provide improved stability to the vehicle as a whole. This technology, called gust suppression or adaptive washout, has been regarded as the key element for UF-MAV team's successes in winning the International MAV Competitions for the past several years [9] [10] [11] [12] [13] .
It is fair to say that flexible membrane airfoils/wings have received only a small fraction of the technological attention that has been given to rigid airfoils/wings. Although flexible membrane airfoils/wings have been suggested to be able to alleviate the effects of gust wind, delay airfoil stall and provide additional advantages for morphing to achieve enhanced agility and storage compared to rigid airfoils/wings for MAV applications [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , the fundamental physics associated with why and how flexible membrane airfoils/wings could provide advantages in gust alleviation and stall suppression is still not well understood. The majority of previous experimental studies on flexible membrane airfoils/wings were conducted based mainly on measuring overall aerodynamic forces and/or moments acting on the flexible membrane airfoils/wings [10, 13, [18] [19] , very little in literature can be found related to the transient behavior of unsteady vortex and turbulent flow structures around flexible membrane skins as well as their effects on the overall aerodynamic performance of the flexible membrane airfoils/wings.
In the present study, an experimental study was conducted to explore the benefits of using flexible membrane airfoils/wings compared with conventional rigid airfoils/wings at low Reynolds numbers for MAV applications. In addition to measuring aerodynamic forces acting on the flexible membrane airfoils/wings, a high-resolution Particle Image Velocimetry (PIV) system was be used to conduct quantitative flow field measurements to visualize the transient behavior of vortex and turbulent flow structures around the flexible membrane airfoils/wings at different angles of attack. The flow field measurements were correlated with the total aerodynamic force/moment 
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II. Studied Airfoils and Experimental Setup
The experiments were performed in a closedcircuit, low-speed wind tunnel located in the Aerospace Engineering Department of Iowa State University. The tunnel has a test section with a 1.0 ft by 1.0 ft (30 cm by 30 cm) cross section and optically transparent walls. The tunnel has a contraction section upstream of the test section with screen structures and a cooling system installed ahead of the contraction section to provide uniform, low-turbulent incoming flow to enter the test section.
All the airfoils used in the present study have the same cross section shape and chord length of 105 mm, i.e., c=105mm. As shown in Figure 2 , the airfoil cross section shape design is similar as that used by Null and Shkarayev [20] . One unique feature of the airfoil is that there exists a small inverse camber section at the rear portion of the airfoils in order to compensate the high positive pitching moment for MAV applications. Such thin cambered airfoil shape design has already been used by several research groups to successfully make functional MAVs [20] . Figure 3 shows the five airfoils studied in the present study: a rigid airfoil as the comparison baseline, and four flexible membrane airfoils with different numbers of rigid "ribs" to adjust the flexibility of the membrane skins of the membrane airfoils. The rigid airfoil is made of unidirectional carbon fiber with the thickness of 1.15mm. As shown in the Fig. 3 , the flexible membrane airfoils have same rigid main frames (leading edge spar and two side battens), which were made of unidirectional carbon fiber. Flexible membrane material (latex sheet) is wrapped around the airfoil main frames at both upper and lower surfaces. While the membrane skins are flexible and do not sustain bending moment, the carbon fiber main frames and "ribs" are rigid and can sustain bending moment as well as provide structural support. Table 1 shows the design parameters of the test airfoils. Further information about the geometry design and manufacturing process of the rigid and flexible membrane airfoils is available at Tamai (2007) .
In the present study, the velocity of the incoming flow was set as U ∞ = 11 m/s, which corresponds to a chord Reynolds number of Re C = 70,000. The turbulence intensity of the incoming flow was found to be about 0.8%, measured by using a hotwire anemometer. 
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American Institute of Aeronautics and Astronautics Figure 4 shows the experimental setup used in the present study for PIV measurements. During the experiment, the test airfoils were installed in the middle of the test section. A PIV system was used to make flow velocity field measurements around the airfoils. The flow was seeded with 1~5 μm oil droplets. Illumination was provided by a double pulsed Nd:YAG laser (NewWave Gemini 200) emitting two pulses of 200 mJ at the wavelength of 532 nm with a repetition rate of 10 Hz. The laser beam was shaped to a laser sheet (thickness ~1 mm) by using a set of mirrors, spherical and cylindrical lenses. A high resolution 12-bit (1376 1040 pixel, SensiCam, Cooke Corp.) charge-coupled device (CCD) camera was used for PIV image acquisition with its axis perpendicular to the laser sheet. The CCD camera and the double-pulsed Nd:YAG lasers were connected to a workstation via a digital delay generator, which controlled the timing of the laser illumination and the image acquisition.
Instantaneous PIV velocity vectors were obtained by a frame to frame cross-correlation technique involving successive frames of patterns of particle images in an interrogation window of 32×32 pixels. An effective overlap of 50% was employed for the PIV image processing. After the instantaneous velocity vectors (u i ,v i ) were determined, the spanwise vorticity (ϖ z ) could be derived. The time-averaged velocity (U,V) was obtained from a cinema sequence of 400 frames of instantaneous velocity fields. The measurement uncertainty level for the velocity measurements is estimated to be within 2% .
The aerodynamic forces (lift and drag) acting on the test airfoils were measured by using a force-moment sensor cell (JR3, model 30E12A-I40). The force-moment sensor cell is composed of foil strain gage bridges, which are capable of measuring the forces on three orthogonal axes, and the moment (torque) about each axis. The precision of the force-moment sensor cell for force measurements is ±0.75% of the full scale (40 N). Figure 5 shows the measurement results of the aerodynamic forces acting on the studied airfoils in the terms of lift coefficient and drag coefficient as the angles of attack (AOA) of the airfoils changed from -6.0 to 20.0 degrees.
III. Experimental Results and Discussions

A. Aerodynamic force measurement results
For the rigid thin airfoil, while the lift coefficient was found to increase almost linearly with the increasing angle of attack, as it is expected, the drag coefficient is reasonable small when the angle of attack is relatively low (AOA<10.0 degrees). The increase rate of the lift coefficient was found to flatten out at relatively high angle of attack. The drag coefficient of the rigid thin airfoil was found to increase significantly at AOA > 10.0 degrees. Such characteristics revealed in the lift and drag coefficient profiles indicates that airfoil stall occurred for the rigid thin airfoil at AOA >10.0 degrees.
The flexible membrane airfoils FM02, FM03 and FM10 were found to have very comparable or slightly larger lift coefficient compared with the rigid thin airfoil. The drag coefficient of the flexible membrane airfoils was found to be significantly smaller than that of the rigid thin airfoil at relatively high angle of attack (AOA>10.0 degrees). Airfoil stall (i.e., flattened increase rate of lift coefficient and dramatic increase of drag coefficient) was found to occur at higher angles of attack for the flexible membrane airfoils compared with the rigid thin airfoil. Such measurement results confirmed the fact that flexible membrane airfoils could delay airfoil stall, as suggested by previous studies.
It should be noted that the flexible membrane airfoil FM01, which has only one rigid "rib" placed in the middle of the two rigid side battens (Fig.3) , is the most flexible airfoil among all the tested airfoils. During the experiments, the trailing edge of the flexible membrane airfoil FM01 was found to be fluttering when the angle of attack is relatively low (AOA<10.0 degrees). As a result, the flexible membrane airfoil FM01 was found to have the worst aerodynamic performance (i.e., the smallest lift coefficient and largest drag coefficient) among all the tested airfoils at relatively low angle of attack (AOA<10.0 degrees). The trailing edge fluttering phenomena was found to disappear for the FM01 airfoil when the angle of attack became relatively high (AOA>14.0 degrees). Surprisingly, the FM01 airfoil was found to have almost the best aerodynamic performance (i.e., smallest drag coefficient and highest lift coefficient) among all the tested airfoils at the relatively high angle of attack ( i.e., AOA>14.0 degrees) . 
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As it is expected, the flexible membrane airfoil FM10, which has 10 rigid "ribs" between the two side battens, thus, the least flexibility among the tested flexible membrane airfoils, was found to have very similar aerodynamic performance as the rigid thin airfoil. The flexible membrane airfoil FM03 was found to have the best aerodynamic performance (e.g., largest lift coefficient and smallest drag coefficient) among all the test airfoils with the lift-todrag ratio being up to 25.5 at AOA=6.0 degrees. The aerodynamic force measurement results revealed that the flexibility (or rigidity) of the membrane skins could affect the aerodynamic performance of the membrane airfoils significantly. It is important to chose a proper flexibility (or rigidity) of the membrane skins in order to achieve improved aerodynamic performance by using flexible membrane airfoils at Low Reynolds numbers for MAV applications.
B. PIV measurement results
With the findings derived from the aerodynamic force measurements in mind, PIV measurements were carried out to quantify the transient behavior of vortex and turbulent flow structures around the flexible membrane airfoils compared with those around the rigid airfoil in order to reveal the underlying fundamental physics associated with the airfoil aerodynamic performance characteristics revealed from the aerodynamic force measurements. Figure 6 shows the PIV measurement results of the flow field around the rigid thin airfoil when the adverse pressure gradient over the upper surface of the rigid airfoil was rather mild at AOA =6.0 degrees. The PIV measurement was conducted in the mid-span of the rigid thin airfoil. Both instantaneous and ensemble-averaged measurement results revealed clearly that incoming streams could follow the curved camber line of the rigid thin airfoil at AOA=6.0 degrees. Since the incoming flow streams could attach to the surface of the rigid thin airfoil, they left the airfoil trailing edge smoothly, which resulted in a very small wake region (i.e., the region with velocity deficits) downstream of the airfoil. The small wake region downstream of the airfoil indicated a small aerodynamic drag force acting on the airfoil, which was confirmed from the aerodynamic force measurement results given in Fig.4 . 
X (mm) Y (mm)
-
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American Institute of Aeronautics and Astronautics 8 Fig. 7 shows the PIV measurement results of the flow field around the rigid thin airfoil at AOA=10.0 degrees. The adverse pressure gradient over the upper surface of the airfoil would become more and more severe as the angle of attack increased. The instantaneous PIV measurement results show clearly that incoming flow streams can not stay attaching to the upper surface of the rigid thin airfoil anymore due to the more severe adverse pressure gradient at AOA=10.0 degrees. The boundary layer flow streams , i.e, the thin vortex layer attached to the airfoil surface near the airfoil leading edge, were found to separate from the airfoil upper surface of the airfoil. Unsteady vortex structures were found to be generated in the wake of the rigid thin airfoil as a result of the flow separation. The flow separation on the upper surface of the airfoil can also be seen clearly in the ensemble-averaged PIV measurement results in the form of a separation bubble near the trailing edge of the airfoil. Due to the flow separation, the size of the wake region (i.e. the region with velocity deficit) downstream of the rigid thin airfoil was found to be increased greatly, which indicates a significant increase of aerodynamic drag force acting on the airfoil. The significant increase of the aerodynamic drag acting on the rigid thin airfoil at AOA =10.0 degrees was confirmed quantitatively for the measured drag coefficient data given in Fig. 5 . Fig. 8 gives the PIV measurement results of the flow field around the rigid thin airfoil as the angle of attach increased to 14.0 degrees (i.e., AOA=14.0 degrees). The significant adverse pressure gradient over the upper surface of the airfoil at AOA=14.0 degrees caused the incoming flow streams to separate from the airfoil upper surface almost from the leading edge of the airfoil, i.e., the separation point was pushed upstream approaching the airfoil leading edge due to the significant adverse pressure gradient. Large scale flow separation was found to take place on almost entire upper surface of the rigid thin airfoil. As revealed clearly in the ensemble-averaged PIV measurement results, a very large recirculation bubble was found to form in the wake of the rigid thin airfoil, i.e., the airfoil was found to stall completely. Therefore, the aerodynamic performance of the airfoil was found to degrade greatly with the drag coefficient of the airfoil increasing dramatically, as revealed from the aerodynamic force measurements data given in Fig. 5 .
Although the flexible membrane airfoils were designed to have the same cross section shape as the rigid thin airfoil, the flexible membrane skins allow the membrane airfoils to be able to adjust their cross section shape automatically to adapt to the incoming flows to balance the pressure differences acting on the upper and lower surfaces of the flexible membrane airfoils at different angles of attack. Fig. 9 shows the PIV measurement results of the flow field around the flexible membrane airfoil FM03 at AOA= 10.0 degrees. The PIV measurements were conducted in the middle plane between the 2 nd and 3 rd rigid "ribs", where the membrane skin was found to have maximum deformation. While the dark dashed lines indicate the designed cross section shape of the flexible membrane airfoil without deformation, the red solid lines indicate the actual cross section shape of the flexible member airfoil FM03 extracted from PIV raw images. It can be seen clearly that the cross section shape of the flexible membrane airfoil FM03 in the PIV measurement plane deformed significantly in order to balance the pressure difference acting on the upper and lower surfaces of the airfoil.
As revealed in the PIV measurement results given in Fig. 7 , the incoming flow streams would separate from the upper surface of the rigid thin airfoil due to the severe adverse pressure gradient over the airfoil upper surface at AOA=10.0 degrees. The flexible membrane airfoil FM03 was found to change its chamber shape (i.e., the shape of the cross section ) automatically to adapt the incoming flow stream to balance the pressure difference acting on the upper and lower surfaces of the airfoil. As visualized clearly in the PIV measurement results given in Fig. 9 , the incoming flow streams were found to stay attached to the deformed membrane skin of the FM03 airfoil firmly all the way from the airfoil leading edge down to the airfoil trailing edge at AOA=10.0 degrees. No flow separation was found on the upper surface of the FM03 airfoil in the PIV measurement plane. Both the instantaneous and ensemble-averaged PIV measurement results revealed that the wake region (i.e., the region with velocity deficit) downstream of the membrane airfoil FM03 is quite small since the incoming flow streams can stay attached to the airfoil surface firmly. The small wake region indicates a small aerodynamic drag force acting on the FM03 airfoil at AOA= 10.0 degrees, which was confirmed from the aerodynamic drag force measurements given in Fig. 5 .
As the angle of attack increased to 14.0 degrees, the rigid thin airfoil was found to stall completely due to the more significant adverse pressure gradient, which was revealed clearly from the PIV measurement results given in Fig. 8 . The PIV measurement results given in Fig. 10 show that the deformation of the flexible membrane airfoil FM03 became more serious at AOA=14.0 degrees. In addition to changing its cross section shape to balance the pressure difference acting on the upper and lower surfaces of the airfoil, the trailing edge of the FM03 airfoil was found to be "lifted" up due to the significant pressure difference, which resulted in the effective angle of attack of the FM03 airfoil in the PIV measurement plane to be reduced considerably. Due to the deformed cross section shape and reduced effective angle of attack, the incoming flow streams were found to be able to still stay attached to the deformed upper surface of the membrane airfoil FM03 at AOA= 14.0 degrees. As a result, the wake region downstream of the flexible membrane airfoil FM03 was found to be still reasonably small, while a very big recirculation bubble was already found to form at the downstream of the rigid thin airfoil at the same angle of attack of AOA=14.00 degrees. Compared with those cases at smaller angles of attack (such as the case shown in Fig. 9 with AOA = 10.0 degrees), the size of the wake region at the downstream of the FM03 airfoil was found to become slightly larger, indicating a slightly increased aerodynamic drag force acting on the airfoil, which is confirmed from the measured airfoil drag coefficient given in Fig. 5 .
As shown in the PIV measurement results given Fig. 11 , the cross section shape of the flexible membrane airfoil FM03 was found to deform much more significantly, and the airfoil trailing edge was "lifted up" more significantly in order to balance the more significant pressure difference acting on the upper and lower surfaces of the membrane airfoil FM03 at AOA =18.0 degrees. The incoming flow streams were found to separate from the upper surface of the airfoil in the PIV measurement plane eventually due to the much more significant adverse pressure gradient on the upper surface of the airfoil. Large-scale flow separation was found to take place on the upper surface of the flexible membrane airfoil FM03. As a result, a large recirculation bubble was found to form in the wake of the FM03 airfoil. It indicates a significant increase in the aerodynamic drag acting on the FM03 airfoil, which is again confirmed by the aerodynamic force measurements shown in Fig. 5 . 
IV. Concluding Remarks
An experimental study was conducted to explore the benefits of using flexible membrane airfoils/wings at low Reynolds numbers for MAV applications. The experiments were conducted in a wind tunnel with the chord Reynolds number of Re c =70,000. By adding different numbers of rigid "ribs" to the same membrane airfoil configuration to adjust the flexibility of the membrane skins of the airfoils, the effect of the flexibility of the membrane airfoils on their aerodynamic performance was also assessed in the present study. In addition to measuring aerodynamic forces (lift and drag) acting on the flexible membrane airfoils/wings, a high-resolution Particle Image Velocimetry (PIV) system was be used to conduct flow field measurements to quantify the transient behavior of vortex and turbulent flow structures around the flexible membrane airfoils/wings compared with those around a rigid thin airfoil at different angles of attack. The flow field measurements were correlated with the aerodynamic force measurements to elucidate underlying fundamental physics to explore/optimize design paradigms for the development of novel, bio-inspired flexible-membrane-wing-based MAVs for improved aerodynamic performance.
The measurement results elucidated clearly that flexible membrane airfoils/wings can provide better aerodynamic performance compared with their rigid counterpart. Flexible membrane airfoils can change their camber shapes to adapt to incoming flows automatically to balance the pressure difference applied on the upper and lower surfaces of the airfoils, thereby, suppress large-scale flow separation on the airfoils. The significant deformation of the flexible membrane skins at high angles of attacks can also reduce the effective angles of attack of the airfoils to delay airfoil stall. The measurement results also revealed that the flexibility (rigidity) of the membrane skins of the airfoils have a strong effect on their aerodynamic performance. If the membranes skins are too flexible, trailing edge fluttering phenomena may occur for the flexible membrane airfoils at relatively low angle of attack, resulting in poor aerodynamic performance. If the membrane skins are too rigid, it would limit the abilities of the flexible membrane airfoils to adapt to incoming flows to suppress large-scale flow separation and delay airfoil stall, which would degrade the aerodynamic performance of the airfoils at relatively high angle of attack.
